This report describes the features of developing atherosclerosis in the Watanabe heritable hyperlipidemic (WHHL) rabbit, an animal model of human familial hypercholesterolemia. Observations were made in 18 homozygous WHHL rabbits, aged 4 days to 15 months, fed standard rabbit chow; seven control New Zealand white rabbits fed a similar diet, and four New Zealand white rabbits fed rabbit chow containing 2% cholesterol and 10% corn oil for 2 weeks. The WHHL rabbits showed evidence of progressive disease of the aorta with accumulation of strongly birefringent llpid in intimal lesions, Including fatty streaks, raised foam cell lesions, and plaques (atheromas), as well as in the media. As seen by electron microscopy, the cellular population of the intimal lesions consisted predominantly of smooth muscle cells with lipid deposits and lipidladen foam cells. Llpid deposits occurred as cytoplasmic neutral lipid droplets and as multilamellar bodies. In addition to advanced atherosclerosis of the aorta, a 15-monthold WHHL rabbit also had focal coronary atherosclerosis and subcutaneous xanthomas. The New Zealand white rabbits fed a high cholesterol and fat diet for 2 weeks showed early intimal lipid accumulation in the aorta and prominent lipid accumulation in hepatocytes and macrophages of the liver and spleen. New Zealand white rabbits fed the standard rabbit chow had no abnormal lipid deposits. In contrast to the cholesterol-fed rabbits, WHHL rabbits had only mild lipid accumulation in other tissues. Thus, many similarities exist between atherosclerotic disease in the WHHL rabbit and in man. This study shows that the WHHL rabbit is a good model of familial hypercholesterolemia. (Arteriosclerosis 3:87-101, January/February 1983)
Methods
Male and female homozygous WHHL rabbits were raised in Dallas from a mating pair of homozygous WHHL rabbits obtained from Watanabe. The WHHL rabbits ate Purina rabbit laboratory chow and water ad libitum. This diet contained 2.7% total fats and 1.2 mg of cholesterol per 100 g of chow. Total daily cholesterol intake was estimated as less than 2 mg.
We studied 18 homozygous WHHL rabbits. Their ages were: 4 to 11 days, 4 rabbits; 2 months, 1 rabbit; 3 months, 1 rabbit; 4 months, 2 rabbits; 5 to 5.5 months, 3 rabbits; 6 months, 2 rabbits; 7 months, 3 rabbits; 8 months, 1 rabbit; and 15 months, 1 rabbit. The sex of the neonates was not determined. Of the other 14 rabbits, 13 were males. Two sets of male and female New Zealand white rabbits were also studied. Seven control rabbits were fed the standard rabbit chow. Their ages at sacrifice were: 11 days, 1 rabbit; 2 months, 1 rabbit; 3 months, 1 rabbit; 6 months, 2 rabbits; 8 months, 1 rabbit; and 15 months, 1 rabbit. Four additional rabbits, aged 4 to 6 months, were fed rabbit chow containing 2% cholesterol and 10% corn oil for 2 weeks before sacrifice.
About one-half of the WHHL rabbits and the New Zealand white rabbits were killed with sodium pentobarbital, after which tissue was obtained immediately. The other WHHL rabbits died of various causes, and the tissues were obtained after a few hours. Before sacrifice, plasma was obtained for the measurement of lipid levels. 10 Tissue samples were obtained at autopsy from the ascending aorta, the aortic arch adjacent to the major arterial branches, the descending thoracic aorta adjacent to the intercostal orifices, the proximal coronary arterial system, other selected arterial lesions, and liver, spleen, kidney, and other tissues. The tissue samples were fixed by immersion in either 10% formalin in 0.1 M phosphate buffer or in 3% glutaral- dehyde in 0.1 M phosphate buffer. The fixatives did not contain calcium chloride. Perfusion fixation was not used because samples of fresh tissue were also obtained from these animals for biochemical studies. Some blocks were dehydrated and embedded in paraffin; sections from these blocks were stained with hematoxylin and eosin. For lipid histochemistry, frozen sections were prepared and stained with oilred-0 and hematoxylin. 13 For light and electron microscopic examination of cytologic features, samples were postfixed in 1% osmium tetroxide in 0.1 M phosphate buffer, dehydrated and embedded in epoxy. 2 Large plastic sections were prepared from blocks embedded in methacrylate or araldyte. Small blocks were embedded in epon-araldyte. For electron microscopy, ultrathin sections from the eponaraldyte blocks were cut with a Sorvall MT 5000, placed on copper grids, and stained with uranyl acetate and lead citrate. 2 The electron microscope was a JEOL 100 S.
Results

Plasma Cholesterol Levels
The plasma cholesterol levels were measured in groups of homozygous WHHL rabbits, aged 4 to 15 months. The values varied from 270 to 820 mg/dl, with average values of 540 to 600 mg/dl. The previously reported plasma cholesterol levels for New Zealand white rabbits fed the same rabbit chow was 69 ± 6 (SEM) mg/dl. 10 The mean plasma cholesterol level was 959 ± 146 mg/dl in the New Zealand white rabbits fed a diet containing 2% cholesterol and 10% corn oil for 2 weeks.
Blood Vessels of Homozygous WHHL Rabbits
The pathologic findings in the homozygous WHHL rabbits are summarized in table 1. The aortas of the newborn WHHL homozygotes were normal on gross examination. On light and electron microscopic examination, a few small areas of mild intimal thickening in the proximal thoracic aorta were noted. In one animal, lipid deposits were detected in a few cells in one area of mild intimal thickening. The aortas of the 2-and 3-month old WHHL homozygotes were unremarkable on gross examination. However, light microscopic examination revealed small foci of intimal thickening containing lipid and lipid deposition in the media (figure 1).
The 4-to 15-month-old homozygotes had numerous grossly visible fatty lesions in the aorta (figure 2). These lesions were most extensive in the proximal thoracic aorta adjacent to the aortic arch. Lesions also occurred adjacent to the ostia of branch vessels, such as the intercostal arteries. These rabbits had numerous flat and slightly raised intimal lesions that contained numerous lipid-laden foam cells figure 3 ). In addition to these lesions, the 6to 15-month-old WHHL rabbits also had large raised intimal lesions containing variable combinations of foam cells and extracellular lipid (figure 4). Other lesions had features of advanced atherosclerotic plaques or atheromas (figures 5 and 6). These large raised lesions had central cores of extracellular lipid and necrotic tissue, peripheral regions with lipid-laden foam cells, and superficial fibrous capsules containing elongated cells with variable amounts of lipid deposits. The endothelium of the lesions generally was intact; however, microthrombi were occasionally observed on the intimal surface (figure 4 B). Lipid deposits in the various intimal lesions were strongly birefringent when examined by polarized light microscopy.
The junction between intimal lesions and media frequently showed fragmented elastic lamellae and foam cells in the media (figures 3 C, 4 A, and 4 C). Lipid deposition in the media often was found extending from the edges of the intimal lesions into adjacent areas with minimal intimal thickening (figure 3 ). Two rabbits showed focal degeneration of the media with calcification or ossification.
In addition to advanced atherosclerosis of the aorta (figure 7 A), the 15-month-old WHHL rabbit had raised fibrocellular intimal lesions at the origin of the left main coronary artery (figure 7 B) and in a branch artery of the proximal left anterior descending coronary artery. These lesions had features similar to those described for raised aortic lesions. Coronary arterial lesions were not identified in the younger WHHL rabbits. However, the study of the coronary arteries was limited to an examination of the histologic sections of transverse cuts through the left main and proximal left anterior descending and right coronary arteries.
Electron microscopy showed that the cellular population of the intimal lesions consisted predominantly of smooth muscle cells and of foam cells in which the massive lipid deposition obscured specific cytological features (figures 8 and 9). Cells interpreted as typical smooth muscle cells were characterized by an elongated shape, a basal lamina, an irregularlyshaped nucleus with variable clumping of chromatin at the nuclear membrane, numerous plasmalemmal vesicles, abundant cytoplasmic filaments, and dense bodies (figure 9 A), in agreement with previous descriptions of this cell type. 14 " 19 Many of these cells contained lipid deposits. The intimal lesions also contained cells with fewer cytoplasmic filaments, abundant rough surfaced endoplasmic reticulum, and prominent Golgi apparatus (figure 10). These less frequently observed cells had features of "modified" or "modulated" smooth muscle cells. 14 " 19 Other cells with lipid deposits lacked smooth muscle or secretory features and had features of macrophages ( figure 11 ), according to previous descriptions of the cell type. 14 " 22 Foci of smooth muscle cells containing lipid deposits also were identified in the media (figure 9 B) , confirming that a major component of the medial lipid accumulation observed by light microscopy was localized to intracellular deposits in medial smooth muscle cells. Intracellular lipid deposits occurred in the form of neutral lipid droplets and multilamellar bodies, which frequently exhibited a single membrane lining consistent with a derivation of these structures from lysosomes ( figure 12 ).
Other Tissues of Homozygous WHHL Rabbits
The 15-month-old WHHL rabbit had several small xanthomas located in the subcutaneous tissue and adjacent to the tendons of the hind paws. These lesions were composed of typical histiocytic foam cells which contained oil-red-O-positive, strongly birefringent lipid deposits ( figure 13 ). 
Control Rabbits
The aortas of the New Zealand white rabbits fed a standard rabbit chow showed rare small areas of mild intimal thickening. No lipid deposits were detected in these foci by light microscopic histochemistry or electron microscopy. Sections of other organs, including the liver and spleen, showed only rare small lipid deposits.
The aortas of the New Zealand white rabbits fed a diet containing 2% cholesterol and 10% corn oil for 2 weeks showed occasional small foci of intimal thickening with lipid accumulation (figure 16 A). Sections of liver and spleen and lymph nodes showed marked accumulation of oil-red-0 positive lipid droplets in macrophages (figure 16 B and C). Hepatocytes also exhibited prominent lipid accumulation (figure 16 C).
Discussion
The present study provides information regarding the course of development of atherosclerosis in the WHHL rabbit as well as information regarding his-tological and ultrastructural features of the atherosclerotic lesions in these animals. Our microscopic observations regarding the development of atherosclerosis in this animal model extend the gross anatomical observations of Watanabe and associates. 4 " 6 Watanabe reported autopsy findings in 75 WHHL rabbits ranging from 1 to 35 months of age. 5 Mild atherosclerosis of the aorta was noted in two of 14 rabbits (14.3%) at 1 to 4 months of age, and moderate to severe atherosclerosis of the aorta was found in 61 of 61 rabbits (100%) at 5 to 35 months of age. Examination of the coronary arteries was not reported in this initial series. 5 However, Ito et al. 6 have subsequently found a 29% to 55% incidence of coronary atherosclerosis in WHHL rabbits at 5 to 36 months of age, with a propensity for involvement of the origin of the left coronary artery and a lesser frequency of involvement of the anterior descending branch. Xanthomas of the digital joints were first noted in rabbits at 15 months of age. The incidence of xanthomas was 15 of 25 rabbits (60%) at 15 to 35 months of age. 5 The current findings indicate that atherosclerosis in WHHL rabbits was characterized by the evolution of progressive intimal lesions, including fatty streaks, raised foam cell lesions, and plaques (atheromas), as well as by medial lipid deposition. The arterial lesions were rich in cholesteryl esters and cholesterol as indicated by the marked birefringence of the lipid deposits. 132324 Although the rabbits developed Our observations suggest that lipid accumulation in smooth muscle cells is an important feature of the development of intimal lesions in the WHHL rabbits. The current observations also suggest that lipid accumulation in macrophages contributes to the growth of the lesions. Lipid deposits in the various cells occurs as both cytoplasmic neutral lipid droplets and multilamellar dense bodies with features of lysosomes. 28 ' x These observations are in agreement with previous studies of sites of intracellular lipid accumulation and of cell types involved in the atherosclerotic process in experimental animals and man. 2 ' 17 -22 Definitive identification of the relative contribution of smooth muscle cells and macrophages in different types of intimal lesions of WHHL rabbits will require further studies using cell marker techniques and perhaps monoclonal antibody techniques. The functional role of these cells in atherogenesis is also under investigation. 16 ' 18 ' 2°-22 -"-Î mai et al. 38 have reported that medial degeneration with calcification can occur as a spontaneous lesion in New Zealand white rabbits maintained on a normal diet. However, marked medial lipid deposition occurs early in the evolution of disease in the WHHL rabbit and appears to be an intrinsic feature of atherosclerosis in this model. Our impression is that the medial degeneration with calcification in older rabbits and the medial lipid accumulation present from the inception of disease probably are independent phenomena. Further work is needed to characterize the relationship between intimal and medial involvement as well as the significance of the occurrence of focally prominent medial lipid deposition in areas without prominent intimal involvement.
Significant differences exist between atherosclerotic disease in the WHHL rabbit and the normal rabbit fed a high cholesterol diet. WHHL rabbits develop progressive atherosclerosis, with formation of atheromatous plaques as well as foam cell lesions, and the vascular disease and subcutaneous xanthomatosis occur without marked accumulation of lipid in macrophages of the liver, spleen, and lymph nodes. In contrast, the normal rabbit fed a high cholesterol and fat diet develops arterial lesions of a pure foam cell type, as well as marked lipid accumulation in macrophages of the liver, spleen, lymph nodes, and bone marrow. 38 " 40 Although the arterial foam cell lesions of the cholesterol-fed rabbit have a component of lipid-containing smooth muscle cells, a high percentage of the cells have features of macrophages. 38^0 The difference in the tissue distribution of cholesterol in the WHHL rabbit and the cholesterol-fed rabbit may relate to the different lipoproteins that carry the cholesterol in plasma as well as to a higher total plasma cholesterol level in rabbits fed a high cholesterol and fat diet. In the WHHL rabbit, the excess plasma cholesterol is contained primarily within LDL and to a lesser extent in intermediate density lipoprotein (IDL). 4 ' 5 ' 7 -8 In the cholesterol-fed rabbit, the bulk of the cholesterol accumulates in p-migrating very low density lipoproteins (P-VLDL). 41 Studies in vitro have shown that normal tissue macrophages have receptors that bind p-VLDL but not LDL. 42 -43 In vitro binding of p-VLDL to these receptors leads to massive uptake of the p-VLDL particle by the macrophages with resultant cholesteryl ester deposition. 42 ' •" The observation that cholesterol-fed rabbits accumulate more lipid in their macrophages than do WHHL rabbits (see figures [14] [15] [16] is consistent with the notion that the p-VLDL receptors function in these cells in vivo.
In contrast to results obtained by feeding a high cholesterol and fat diet, certain regimens in normal rabbits have resulted in production of disease that more closely resembles human atherosclerosis. These regimens include: intermittent feeding of an atherogenic diet; 44 combining a cholesterol-containing diet and administration of various vasotoxic agents; 45 feeding a high fat, low cholesterol diet together with an injection of foreign protein 48 or catheter-induced intimal injury; 47 and long-term feeding of a low cholesterol diet. 48 Several features of the pathology of disease in the WHHL rabbit resemble those seen in human familial hypercholesterolemia. 2 ' 3 The WHHL rabbits develop progressive atherosclerosis and cutaneous xanthomatosis without marked lipid accumulation in other sites. Humans with familial hypercholesterolemia also generally exhibit only mild lipid accumulation in phagocytic cells of the liver, spleen, and lymph nodes. 2 Arterial disease in human familial hypercholesterolemia includes prominent lipid accumulation in medial smooth muscle cells as well as intracellular and extracellular lipid accumulation in atheromatous plaques. 2 Our study has shown that arterial disease in WHHL rabbits progresses to the development of lesions with features of atheromatous plaques and also includes prominent medial involvement. One feature of human familial hypercholesterolemia that has not been observed in our young WHHL rabbits is the involvement of the aortic valve with associated aortic stenosis. 2 ' 3 In most humans with atherosclerosis, the relative distribution of cholesterol between tissues of the reticuloendothelial system and the major arteries also resembles that seen in the WHHL rabbit. 49 Thus, the WHHL rabbit may be a useful model of human atherosclerosis in general as well as a model of the form that occurs in familial hypercholesterolemia.
